Under certain conditions, powerful ultrashort laser pulses can form greatly extended, propagating filaments of concentrated high intensity in gases, leaving behind a very long trail of plasma. Such filaments can be much longer than the longitudinal scale over which a laser beam typically diverges by diffraction, with possible applications ranging from laser-guided electrical discharges to high power laser propagation in the atmosphere. Understanding in detail the microscopic processes leading to filamentation requires ultrafast measurements of the strong field nonlinear response of gas phase atoms and molecules, including absolute measurements of nonlinear laser-induced polarization and high field ionization. Such measurements enable the assessment of filamentation models and make possible the design of experiments pursuing applications. In this paper, we review filamentation in gases and some applications, and discuss results from diagnostics developed at Maryland for ultrafast measurements of laser-gas interactions. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
The filamentation of intense femtosecond laser pulses in transparent solid, liquid, and gas media is an area of expanding research activity.
1 It has promise for exciting applications and involves examination of fundamental nonlinear optical physics.
1-3 This paper will focus on filamentation in gases, with emphasis on experiments at the University of Maryland. The filament formation process is initiated when the electric field strength of a propagating laser pulse is large enough to induce a nonlinear response in the gas's constituent atoms or molecules, leading to an ensemble-averaged dipole moment nonlinearly increasing with field strength. This nonlinear refractive index perturbation propagates with the pulse as a self-lens. Once the laser pulse peak power, for a Gaussian beam, exceeds a critical value, P > P cr ¼ 3:77k 2 =8pn 0 n 2 $ 2-10 GW in gases, 1,4,5 the selfinduced lens overcomes diffraction and focuses the beam, leading to plasma generation when the gas ionization intensity threshold is exceeded. Here, k is the laser central wavelength, n 0 is the unperturbed gas refractive index, and n 2 is the nonlinear index of refraction, defined in Gaussian units by n 2 ¼ 12p 2 v ð3Þ =n 2 0 c, where v ð3Þ is the third order nonlinear scalar susceptibility of the medium. 4 According to the "standard model" of filamentation (more on that later), the on-axis concentration of free electrons then defocuses the beam, and the dynamic interplay between self-focusing and defocusing leads to self-sustained propagation of a tightly radially confined high intensity region (the "core") accompanied by electron density tracks over distances greatly exceeding the optical Rayleigh range corresponding to the core diameter. The tracks can extend from millimeters to hundreds of meters, depending on the medium and laser parameters. The phenomenon is ubiquitous for femtosecond pulses at the millijoule level in gases and at the microjoule level in liquids and solids, 1 where P cr $ 10 MW. "Filament" describes both the extended propagation of the intense optical core and the residual plasma density track, which are typically $100 lm in diameter. 6 In air, for example, k ¼ 800 nm pulses with energy $1 mJ and pulsewidth $100 fs can typically be induced to form single filaments with a clean and well-defined transverse density profile, as this laser peak power is not too in excess of P cr . Pulses with peak powers beyond several P cr tend to form multiple filaments owing to the transverse modulational instability, 1 with filament transverse locations that can vary shot-to-shot.
The filamentation of a femtosecond pulse can be viewed as occurring on a temporal slice-by-slice basis. Time slices early in the pulse envelope must propagate longer distances before they accumulate sufficient nonlinear phase front curvature to overcome diffraction and collapse, ionizing the gas and then refracting, whereas later time slices near the peak of the pulse envelope propagate shorter distances before collapse, ionization, and refraction. The overall effect by the full pulse envelope is a tight high intensity core of laser light and generated plasma, surrounded by a less intense reservoir of nonlinear-phase-shifting light, which is both converging on the core from self-focusing and diverging from it owing to refraction from the plasma. These dynamics can result in temporal pulse splitting and axially nonuniform plasma channels. [6] [7] [8] This paper is organized as follows. Section II briefly reviews some applications of femtosecond filaments. It is by no means comprehensive but tends toward relatively recent highlights. Section III discusses filament diagnostics, with emphasis on two diagnostics used by our group, ultrashort a) Paper PT3 1, Bull. Am. Phys. Soc. 58, 236 (2013). pulse spatial interferometry, and single shot supercontinuum spectral interferometry (SSSI). These diagnostics have proved crucial in elucidating the ultrafast nonlinear processes underlying femtosecond filamentation and settling a related debate. In Sec. IV, we review this debate and discuss the role our measurements have played in it. Section V briefly covers recent efforts to extend the length of filaments. Finally, Sec. VI reviews the post-filament gas dynamics induced by the nonlinear energy deposition and discusses applications of the gas response.
II. FILAMENT APPLICATIONS
One of the more spectacular effects accompanying filamentation is supercontinuum (SC) generation, a coherent, ultra-broadband optical beam co-propagating with the filament, 9, 10 resulting from ultrafast nonlinear phase evolution of the pulse as it propagates through the fast material response it induces in the medium. This light can be used for filamentbased white light LIDAR of the atmosphere from filamentation at large distance scales 11 or generated by filamentation in sealed gas cells, where it can be accompanied by self-compression and spatial mode cleaning of the filamenting pulse. 10 The long ionization tracks left by filaments have stimulated work in guided high voltage discharges, 12 and the related dream of laser filament-guided atmospheric lightning. 13 However, both the low electron density in typical extended filaments (<few 10 16 cm À3 (Ref. 6)) and the nanosecond plasma lifetime 14 have made filament-guided discharges much longer than $1 m difficult. Even at a meter length, such discharges had not been reproducible or uniform. Recently, meter long, uniform discharges in air sustained by a compact low jitter Tesla coil have been generated. 15 The same group has demonstrated that laser filaments can coax high voltage discharges to occur far from their normal path, even forcing them to follow right angle paths in free space. 16 Even longer discharges await a more continuous filament with a higher and much longer-lived electron density. Femtosecond filaments in gases are a burgeoning source of coherent THz radiation with clear advantages over other laser-driven sources in biased semiconductors or nonlinear crystals. Most importantly, filaments allow very high pump pulse intensities without permanent material damage. The free electron current generated during laser ionization and driven by the pulse envelope is in fact the primary THz source. 17 Filaments also allow generation of THz at locations distant from the source, an important feature for applications such as remote sensing of complex molecules. THz generation in filaments is becoming increasingly finely controlled. Complex control of the THz polarization state has been demonstrated using external electrodes to modify the laser-driven electron trajectories in the filament plasma, 18 and the detailed THz waveform has been controlled by the carrier envelope phase of the filamenting pulse. 19 THz generation in filaments by 2-color laser fields (typically the fundamental and second harmonic of Ti:Sapphire) has been found to be especially efficient, allowing even stronger laser envelope-driven electron currents. Despite the gains, THz yields are still low, with laser-to-THz conversion efficiencies of $10 À4 -10
À3
. Recently, phase matching in 2-color filament-based THz generation has been demonstrated, 20 with the yield scaling linearly with plasma length, suggesting that further extending filaments is a promising scheme for THz generation.
Another concept for radiation generation at a distance, to be used for remote sensing applications, is filamentinitiated atmospheric backward lasing, with schemes for both O 2 (in the near-infrared) 21 and N 2 (in the ultraviolet). 22 A filament-pumped backward-directed laser would enable probing of the intervening atmosphere. Some N 2 schemes are based on two pulses: the filament pulse weakly ionizes the air to $10 16 cm
, and then a copropagating "heater" pulse heats these electrons, which then pump the molecular transition, with preliminary experiments using a k ¼ 0.8 lm filament and a k ¼ 1.064 lm heater pulse. 23 Meanwhile, backward N 2 lasing has been demonstrated in a high pressure (6 atm) N 2 /Ar gas cell driven only by a k ¼ 3.9 lm laser pulse, 24 with the laser transition upper state populated via a different mechanism than in Ref. 22 . A different remote sensing approach, with molecular specificity, has been achieved by exploiting the extreme bandwidths and short pulses generated in filaments to impulsively pump characteristic vibrational states and then probe them with a narrower bandwidth, nonfilamenting pulse to generate a stimulated Raman spectrum for analysis. 25 The same group also directly measured the extreme optical pulse shortening, which takes place inside a filament core. 26 Since the first demonstration of femtosecond filamentation in air, 27 filaments typically have been generated using millijoule-level k ¼ 0.8 lm pulses of duration $100 fs from Ti:Sapphire lasers. Recently, the development of new high power mid-infrared (MIR) laser sources have made possible the generation of filaments using k ¼ 3.9 lm. 28 Since P cr / k 2 /N, where N is the atomic/molecular density of the propagation medium, at 1 atm this scaling demands MIR pulse energy exceeding the laser output. A high pressure gas cell was used to decrease P cr to allow filamentation with 7 mJ pulses. Supercontinuum generation from these MIR filaments produced spectra spanning an enormous range, 0.35 lm-5 lm. At a fixed gas density, an advantage of MIR over k ¼ 0.8 lm filaments for some applications is lower electron density, a wider diameter core, and longer propagation distances. These features were crucial in recent experiments where the same MIR laser driver, propagating in a hollow high pressure gas-filled capillary, generated coherent high harmonic radiation up to 1.6 keV. 29 Simulations indicate that filamentary propagation inside the capillary is responsible for spatio-temporal compression and selfconfinement of the driver pulse, increasing the conversion efficiency to coherent keV x-rays.
One consequence of femtosecond filamentation only recently investigated is the long time hydrodynamic response of the gas through which the filaments have propagated and nonlinearly deposited energy. The evolving gas response can form long-lived, extended, and robust optical waveguides, with some of the most exciting applications in air. This is covered in Sec. VI below.
III. DIAGNOSTICS OF FILAMENTATION
As discussed above, the offsetting nonlinearities responsible for extended filament core propagation are selffocusing from the bound electron nonlinear response and plasma generation. The approach at the University of Maryland has been to directly measure these nonlinearities to both understand the physical processes involved and to provide input for propagation models, for example, Ref. 30 .
A. Measurement of optical nonlinearity at high intensity
Single-shot supercontinuum spectral interferometry
The ultrafast optical response of atoms and molecules to short laser pulses manifests itself through changes in the field-induced dipole moment. The ensemble average of the induced dipole response is the transient refractive index of the medium. We use a form of spectral interferometry-SSSI [31] [32] [33] -to determine the transient refractive index by measuring, with $5 fs femtosecond time resolution and $3 lm space resolution, small transient nonlinear phase shifts imposed on a chirped (frequency-swept) probe pulse. The phase shift is imposed on the weak probe pulse by the fast medium response induced by a strong pump pulse. The phase-shifted probe is interfered with an unperturbed replica pulse (the reference) inside a spectrometer, giving rise to interference fringes in the spectral domain, from which the spectral phase shift is extracted. Provided that the spectral phase and amplitude of the reference pulse is known, one can then extract by Fourier methods the 1D space and timedomain phase shift DUðx; tÞ ¼ kDnðx; tÞL picked up by the probe pulse, [31] [32] [33] where k is the probe vacuum wavenumber, Dn(x,t) is the transient index shift, x is the transverse dimension across the pumped medium, and L is the axial interaction length. In the geometry used here, strong pump and weak probe and reference pulses propagate collinearly through a thin, flowing gas target, with the reference preceding the pump and the pump temporally overlapped on the probe. A thin target much shorter than the confocal parameter of the pump ensures an axially uniform excitation. See Figure 1 . Our technique uses a wide bandwidth ($150 nm) supercontinuum probe pulse, which provides time resolution up to the bandwidth limit of $5 fs. Because our SC pulse is close to the pump pulse fundamental wavelength of 800 nm, it suffers from much less group velocity walk-off than an alternative pump probe technique using 400 nm pulses. 34 It also has better time resolution because of the broader bandwidth achievable with SC pulses. Unlike transient birefringence techniques for measuring nonlinearities, 35, 36 spectral interferometry can measure parallel and perpendicular components of the response independently. 37, 38 The result of the phase extraction is a map of the phase shift as a function of time t and one transverse spatial dimension x, proportional to the index shift as discussed above. Sample results for Ar are shown in Fig. 2 , with plots for pump intensity below (left panel) and above (right panel) the ionization threshold of $80 TW/cm 2 . 2 The electronic response of Ar to the laser pulse is instantaneous. This is because the photon energy ($1.55 eV at k ¼ 800 nm) is well below the Ar ionization potential of 15.6 eV, and there are no rotational or vibrational degrees of freedom which provide an inertial response lag. At low intensities (left panel), the nonlinear phase shift follows the pump envelope in space and time, DUðx; tÞ / Dnðx; tÞ ¼ n 2 Iðx; tÞ.
2,5,38 At higher intensities, a negative-going signal due to the generated plasma appears (right panel). The transverse spatial width of the plasma signal is narrower because the ionization rate is higher order in the laser field than the second order Kerr response. Free electrons create a negative contribution to the refractive index Dn pl $ ÀN e =ð2N cr Þ, where N e is the free electron density and N cr is the critical density (the density at which the plasma frequency is equal to the probe optical frequency). Because the polarizability of a free electron is greater than that of a bound electron, the onset of the negative plasma response masks the positive Kerr response and appears to "erode" the central back part of the pulse. After its rapid onset, the plasma signal is constant, as the recombination time is much longer than the $1 ps time window of the extracted SSSI trace. For a sequence of increasing pump intensities, the ionization rate and plasma density increase as seen in the traces of Fig. 3 . The pulse "erosion" effect is seen clearly here: as the peak intensity increases, ionization occurs earlier in the pump temporal envelope with the peak Kerr phase shift moving earlier in time.
SSSI measurements of the nonlinear response of nitrogen gas to variable duration, linearly polarized pump pulses are shown in the top panel of Figure 4 . This result is of special interest for atmospheric propagation. The short spike at the beginning of the response for the shortest pump pulses follows the instantaneous electronic Kerr response, while the broader second peak follows the inertial orientational response as the induced dipoles of the diatomic molecular FIG. 1. Experimental setup for SSSI. A pump pulse overlaps with a chirped probe SC pulse in a thin gas flow in a laser-drilled tube in a pumped vacuum chamber. A replica SC reference precedes the pump/probe. The probe and reference interfere in the spectrometer, generating a spectral interferogram (shown), from which the pump-induced time-dependent phase (refractive index) shift in the gas is extracted by Fourier analysis.
ensemble are torqued into alignment with the pump pulse polarization. It is clear that for pump pulses <$80 fs, the instantaneous response dominates; while for longer pulses, the delayed rotational response increasingly contributes. The bottom panel of Fig. 4 shows a calculation of the molecular response, using the equation in the inset, where R is the Raman response function, and n 2 and the molecular polarizability anisotropy Da for nitrogen (included in R) are taken from Ref. 5 .
Through spatial interferometry, we are able to measure the optical interaction length n 0 L of our gas sample. 5 This enables absolute measurements of the nonlinear phase shift in target gases as a function of pump laser intensity. Figure 5 shows the nonlinear phase shift induced in noble gases He, Ne, Ar, Kr, and Xe. Remarkably, the phase shift is linear in the peak laser intensity (quadratic in the field strength) up to the ionization threshold, way beyond the range of applicability of perturbation theory. 
B. Measurement of electron density in a femtosecond filament
To fully understand the dynamics of filamentation, it is crucial to determine both laser intensity and electron density in the filament. However, due to the severe distortion of the laser pulse during nonlinear propagation and ionization, complete characterization of spatiotemporal intensity distribution is extremely difficult and such measurements have so far been restricted to filamentation in short water cells. 39 Indirect estimations 40 have shown that the maximum laser intensity in femtosecond filaments in 1 atm air is clamped at the order of $10 13 W/cm 2 . On the other hand, numerous attempts have been made to experimentally determine the electron density in the filament, including optical diffraction, 14, [40] [41] [42] plasma conductance, 43 and seeded breakdown. 8 The measured electron density reported varies by several orders of magnitude, i.e., N e $ 10 12 -10 17 cm
À3
, and this variation may be caused by (1) different laser and focusing conditions used to generate filaments, 8, 14, [40] [41] [42] [43] and (2) lack of a direct, reliable measurement technique for low-density plasma. The existing methods mentioned above have poor or no spatial resolution and are strongly model-dependent.
Interferometry is a standard tool in experimental plasma physics, and it has been successfully employed in the past to transversely probe the radial and axial distribution of electron density in, for example, plasma channels generated from the line-focus of an axicon 44 or relativistic self-guiding 45 with N e > 10 18 cm
. However, in atmospheric filaments, the electron density, typically $0.1% of ambient density, is too low to register a phase shift distinguishable from the typical phase front noise in an optical probe beam. To increase the phase sensitivity, we intersect an interferometric probe beam through the filament at a near-grazing angle, which increases the interaction length. While maintaining excellent radial spatial resolution as in the conventional method, the price paid for the small probe crossing angle is reduced axial spatial resolution. However, this is of little concern for meterscale length filaments. This technique allows measurement of plasma density as low as 10 14 $ 10 15 cm À3 . The interferometry setup is shown in Fig. 6 . A low energy probe beam with variable time delay is split from the pump beam and counter-propagates at an angle h ¼ 0.75 across the filament. It is crucial to use a high-quality probe phase front, which is achieved by a spatial filter. The resolution limit of the interferometer is set by residual phase front noise of jdU noise j $ 6 mrad in the probe, which sets the measurable lower bound density to $5 Â 10 14 cm À3 . The plane central to the crossing region is relayed and imaged to a 
CCD camera by a pair of relay lenses (L) and a microscope objective (O). A folded wavefront interferometer in Mach-
Zehnder configuration is installed between the two relay lenses and splits the probe beam into two replicas with variable delays, and nearly collinearly recombines them so that they partially overlap on the CCD camera with slightly different incident angles, forming an interference fringe pattern on the detector chip. The setup is rail-mounted and is translatable along the full filament, which allows sampling of axial locations over a range of 2 m. For the typical measured filament diameters of d fil $ 70 lm, the probe path through the plasma is d probe $ d fil /sin h $ 5 mm, and the axial spatial resolution along the filament is Dz res $ d fil /tan h $ 5 mm. This corresponds to a temporal resolution of Dt res ¼ Dz res / c $ 10-15 ps.
The interferograms are analyzed by standard techniques described in Ref. 44 . A sample raw interferogram obtained at $1 ps probe delay and the corresponding retrieved phase shift image are shown in Figs. 7(a) and 7(b). The phase image in Fig. 7(b) is reminiscent of the middle and left half of a bowtie. The narrowest region in the center represents the tightly imaged section of the filament crossing the object plane of the imaging system, which has a short ($1 mm) depth of field. Due to the pump-probe crossing geometry, approximately 6 cm along the pump propagation direction (z-axis) is projected onto the CCD sensor chip. Because the pump-probe delay is $1 ps, the pump pulse has propagated only slightly beyond the in-focus region in the center, leaving the right side of the bowtie incomplete. For comparison, another phase image of the filament with much later ($50 ps) probe delay is shown in Fig. 7(c) . The local radial electron density profile is extracted from a vertical lineout of the phase shift at the in-focus region at the bowtie centre, using Abel inversion.
The ability to directly measure the electron density with good axial and radial resolution allows a sensitive test of filament propagation physics. Here, we show the results of the electron density measurement for filaments generated in air by two different laser pulse durations, s short ¼ 40 fs and s long ¼ 120 fs at a constant peak power P ¼ 17 GW, focused at f number ¼ f # ¼ 240. The interferometer probe delay was set to Dt probe ¼ 1 ps. The on-axis filament electron density N e and FWHM diameter d fil as a function of axial position z are shown in Figs. 8(a) and 8(b) , where z ¼ 0 represents the lens vacuum focus position. A sample electron density radial profile is shown in the inset of Fig. 8(a) . For both pulses, d fil is roughly constant over the filament length, except near the end. The axial variation of electron density in the s long and s short filaments is quite different: for s long , the laser pulse experiences stronger self-focusing and collapses more rapidly, i.e., the onset of the filament is closer to the focusing lens. Moreover, the long pulse filament has higher peak electron density and longer overall length. This pulse duration effect originates from the two parts of the optical nonlinearity in air: (1) the nearly instantaneous, electronic response owing to nonlinear distortion of electron orbitals, and (2) the delayed, orientational effect as the induced dipole moment in N 2 and O 2 molecules is torqued toward the laser polarization. As shown in Fig. 4 , the orientational effect is dominant for >$80 fs pulses. This is consistent with a rotational response timescale of Dt rot $ T rev /j max (j max þ 1) $ 40 fs, where j max $ 20-30 for room temperature N 2 in air, 33, 46 and T rev is the fundamental molecular rotational period (T rev,N2 ¼ 8.3 ps for N 2 and T rev,O2 ¼ 11.6 ps for O 2 (Ref. 47) ). Therefore, the filamenting s long pulse experiences significantly more contribution from the rotational part of the response than the s short pulse. Also, the secondary electron density peak at z $ 5 cm for s long is a signature of the delayed molecular response: the leading edge of the s long pulse is first focused and generates plasma, which defocuses the trailing edge of the pulse. Then the defocused trailing edge in the plasma periphery experiences the leading edge-induced, delayed molecular response and thus is re-focused later, generating the secondary peak of electron density.
IV. FILAMENT PROPAGATION: STANDARD MODEL VS. HIGH ORDER KERR EFFECT
While macroscopic effects of filamentation have been extensively studied over many years, the underlying physical mechanisms were still recently debated. In particular, the laser intensity dependence of the high field bound electron nonlinearity in the major constituents of air (N 2 , O 2 , and Ar) was revisited in a recent pump-probe measurement. 35, 36 It was found that the transient birefringence induced by an intense pump pulse saturated, then became strongly negative at intensities on the order of 30 TW/cm ionization threshold of these gases. This was interpreted as evidence of higher order corrections to the instantaneous Kerr response ("high-order Kerr effect" or HOKE), namely a refractive index n ¼ n 0 þ n 2 I þ n 4 I 2 þ …, where n 0 is the unperturbed refractive index, n 2 is the usual Kerr coefficient, and n i for i > 2 are higher-order Kerr coefficients, with n 4 < 0, n 6 > 0, and n 8 < 0, reproducing the observed saturation and negative nonlinear response. This claim has led to a significant controversy about whether such a high order and negative-going Kerr shift exists as a fundamental atomic response to high laser fields. If the nonlinear refractive index became negative at intensities well below the ionization threshold, it would also have an impact on the nonlinear optics of gases over a wide range of wavelengths, 48 enabling plasmafree filamentation, 49, 50 "fermionic light," 51 enhanced harmonic generation, 52 and modifications to self-steepening 53 and conical emission. 54 The effect reported in Refs. 35 and 36 is so strong (i.e., the nonlinearity turns negative at such a low intensity) that it would overturn the so-called "standard model" of femtosecond filamentation as arising from an interplay between self-focusing due to the positive nonlinear polarizability of bound electrons and defocusing from the negative polarizability of the free electrons generated by ionization.
1
Two of our results presented earlier in this paper constitute a direct assessment of whether such a higher-order Kerr effect is important, and both indicate that it is not. First, we have used SSSI to measure the nonlinear refractive index shift of a wide range of noble gases from lower intensities where perturbation theory is applicable, up to the range of the ionization threshold where perturbation theory should fail. See Figure 5 . We found that Dnðx; tÞ ¼ n 2 Iðx; tÞ over the full intensity range with no HOKE corrections needed (the plots of Fig. 5 use peak on-axis intensities). By contrast, the overlaid red and blue dashed curves are predictions using HOKE coefficients, 55 showing the response saturating and going negative at intensities well below the ionization threshold in all cases.
The same measurement technique, SSSI, has also made possible new, accurate measurements of the nonlinear refractive index n 2 and polarizability anisotropy Da for a range of atomic and molecular gases. 5 This is important for realistic propagation simulations. The second result is our direct measurement of the filament electron density profile, shown in Fig. 8 . In our s short ¼ 40 fs filament experiment, the laser parameters are very similar to those used in the simulation of filamentation by B ejot et al., 49 which employs their earlier measured HOKE coefficients 35 to model the nonlinear response of the medium. However, their simulated electron density is more than two orders of magnitude lower than our measurement results. Meanwhile, their comparison simulation, 49 which considers only the Kerr and plasma responses but no HOKE, predicts electron densities in agreement with our measurements. Our conclusion is that the high order Kerr effect, if it exists at all, is too weak to see and has little effect on experiments. In the process of femtosecond filamentation, any negative polarizability needed to offset the nonlinear self-focusing is supplied by free electrons. Our conclusion is that the so-called "standard model" of filamentation is consistent with macroscopic filament behaviour and detailed measurement of the nonlinear response of the gas atoms and molecules.
What was the physics behind the measurements 35 leading to the HOKE debate? An effect not considered was that a plasma grating is formed during temporal overlap of pump and probe beams in that experimental geometry. We have shown that when the pump and probe beams are the same wavelength, as in Ref. 35 , this grating coherently scatters light from the pump beam into the probe beam and results in an effective birefringence, 58 explaining all the features of the experiment that led to the HOKE interpretation. This coherent scattering effect is closely related to two-beam coupling, 59 which can transfer energy between pump and probe beams. When a probe of a different color is used, as in our SSSI experiments, the plasma grating is suppressed because the intensity grating then oscillates in time as well as in space. The plasma grating effect fully explains the discrepancy between the transient birefringence experiment 35 and the spectral interferometry experiment. 2, 38 Similarly, scattering by the molecular alignment grating fully explains 60 the discrepancy between the values of n 2 measured using each technique.
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V. ENHANCING FILAMENTATION
One of the important goals for applications of femtosecond filaments is to extend their propagation range. The length of a single filament is constrained by laser energy absorption, which goes into plasma generation and rotational and vibrational excitation (in molecular gases). 61 For $1 mJ pulses, maximum lengths are limited by laser energy loss to <$5 m. 62 One recent approach is to use a second laser pulse to augment the filament core's reservoir and thereby provide additional optical energy to resupply the core. 63 Another concept for lengthening the filament is to exploit the quantum rotational recurrences, which cause quantum beats in the refractive index response of air at standard temperature and pressure. 33, 46 By repetitively kicking the molecular rotor with a sequence of pulses spaced at the alignment revival intervals, enhancements in the gas refractive index can compete strongly with the defocusing effect of the plasma to increase and extend the electron density. A preliminary 2-pulse experiment in air has shown enhanced electron density and filament lengthening, as well as optical pulse shaping. 56 Figure 9 shows how the electron density profiles for 2-pulse filaments are sensitive to delay adjustments of the second pulse on a $10 fs time scale. Related simulations 57 for a sequence of 6 appropriately timed pulses show a strong enhancement of electron density and filament length, with "molecular lens" focusing dominating free electron defocusing, with the filamenting pulse quasi-confined as if by a guiding structure.
VI. POST-FILAMENT GAS EVOLUTION
Unique to femtosecond filaments is their extended high intensity propagation over many Rayleigh lengths and their ultrafast nonlinear absorption in the gas, stored in plasma and atomic and molecular excitation. 61 This creates an axially extended impulsive pressure source to drive gas hydrodynamics. 61, 62, [64] [65] [66] This initial pressure P 0 ðrÞ is determined by repartitioning the initial filament-deposited energy into the thermodynamic degrees of freedom of the neutral gas, P 0 ðrÞ % ðf e =f g ÞN e ðrÞk B T e ðrÞ þ 2De rot =f g , where k B is Boltzmann's constant, N e (r) and T e (r) are the initial electron density and electron temperature profiles immediately after femtosecond filamentation in the gas, f e and f g are the number of thermodynamic degrees of freedom of the free electrons and gas molecules, and De rot is the increase in molecular rotational energy density due to the filament. Here, f e ¼ 3, and f g ¼ 5 for air at the typical air heating temperatures (DT 0 < 200 K). After the filamenting pulse passes, a gas density depression or hole grows over several hundred nanoseconds. Over the same timescale, a single cycle acoustic wave is launched and by $1 ls has propagated away from the hole. The hole then slowly decays by thermal diffusion over microseconds through milliseconds. This evolution is seen in Fig. 10 , which shows interferometrically derived images of the air response to a short filament (top) and a hydrodynamic simulation (bottom). 62, 64 Understanding this evolution has led to our use of symmetric filament arrays to generate very long-lived air waveguide structures 62 that can support very high power secondary laser pulses. On sub-microsecond timescales, the colliding acoustic waves launched by the filament array form a fiber-like guiding structure with a gas density (or refractive index) enhancement in the centre. 62, 66 On timescales well past the acoustic response, the residual gas density holes thermally relax and spread over milliseconds, forming the cladding of a long lived fiber-like structure with higher gas density in the center. Figure 11 shows some of the air density (refractive index) structures generated by 2-and 8-filament arrays, where the upper panels ((a), (b), (e), and (f)) are interferometrically derived images, and the lower panels are hydrodynamic simulations. Panels (a) and (b) and their simulations in (c) and (d) show the response induced by a double filament, created by the collapse of a TEM 01 -like mode, which is produced by inducing a p phase shift between the top and bottom halves of a pre-focused femtosecond pulse using a "half-pellicle." 62, 66 Shown are the single cycle sound waves launched by each filament.
Panels (e) and (f) and their simulations in (g) and (h) show the acoustic response to an 8-filament array, formed from the filamentary collapse of a Laguerre-Gaussian LG 0,64 -like beam (shown in the inset). Panel (e) shows the on-axis collision of acoustic waves launched by each of the 8 filaments; such a structure forms an air waveguide in the "acoustic regime." 62, 66 The double acoustic wave seen in panel (f) results from the radially inward-and outwarddirected waves launched from the 8 filament locations: the inward waves pass through the central axis and collide, reemerging to follow the originally outward-directed waves, all of which superpose into rings. Panels (g) and (h) are from a hydrodynamic simulation assuming that the initial pressure source is a continuous ring; it is seen to model well the air response to 8 discrete filaments.
At longer times >$1 ls after the acoustic wave has propagated away, a ring-shaped density trough is left with ambient, higher density air both in the ring center and outside. The trough is the dark ring in the centre of the image in Fig. 11(f) . Figure 12 shows an expanded view of this region for several time delays. This structure can serve as a longlived optical waveguide in the "thermal regime" capable of guiding very large average powers. 62 For short filaments used for low probe distortion interferometry measurements, the focal features are of reduced transverse scale and dissipate by thermal diffusion over tens of microseconds. For the larger transverse structures characteristic of long filaments, dissipation occurs over milliseconds. 62 Recently, we have demonstrated that a sequence of properly timed non-ionizing pulses can heat a molecular gas more strongly than can the plasma from a femtosecond filament. 61 A train of four co-propagating, non-ionizing pulses was focused in a chamber backfilled with nitrogen. The long timescale (40 ls) gas density hole depth induced by pulse train heating is proportional to the initial laser energy deposited in rotational excitation of the gas, 61 allowing us to use the interferometrically determined hole depth as a measure of gas heating. The top panel of Fig. 13 shows the four-pulse sequence with computer-controlled delays t 1 and t 2 . The $100 fs pulses had peak intensities 61, 41, 41, and Figure 13(a) is a 2D plot showing measured peak hole depth as a function of t 1 and t 2 . The maximum hole depth (greatest heating) at (t 1 ,t 2 ) ¼ (0,0) corresponds to pulses delayed by a rotational revival period T ¼ 8.36 ps, resulting in resonant rotational kicking of the molecular rotors. Other features in the plot-the horizontal, vertical and diagonal stripes-can be understood as resonances involving fewer pulses. 61 Panels (1)- (3) show examples of 2D density hole profiles for several different pulse sequences, illustrating the strong effect of pulse relative timing on the gas hydrodynamics.
In a second demonstration, we showed that pulse sequences not only control heating of a molecular gas but also control heating suppression. Here, a two-pulse sequence was focused into the chamber, with delay varied near the half-revival time T/2 ¼ 4.16 ps. The first pulse impulsively excites a rotational wave packet ensemble. The second pulse coherently de-excites the ensemble before collisions cause loss of phase coherence and thermalization. In Fig. 13(b) , the blue curve shows the measured peak hole density versus two-pulse relative delay and the red curve is from a density matrix simulation calculating the average energy absorbed per molecule. In essence, energy from the first pulse invested in the wave packet ensemble is coherently restored to the second pulse when the delay is a half-revival time. These results open up the possibility for fine ionization-free control of remote atmospheric density profiles.
VII. CONCLUSIONS
This paper has presented an overview of some of the physics of femtosecond laser pulse filamentation in gases, along with brief discussions of applications, diagnostics developed at the University of Maryland, and implications of the fundamental measurements thus enabled.
